crossed the Gulf of Mexico rapidly intensifying to a 130-kt storm, then fortunately weakening before landfall on the Florida panhandle. This intensification was underforecast by the National Hurricane Center. Forecast fields from the 1997 version of the Geophysical Fluid Dynamics Laboratory Hurricane Prediction System (GFDL model) for Hurricane Opal are used to diagnose the rapid intensification of the tropical cyclone. While falling short of the realized peak intensity, the simulation did capture the phase of intensification. This study presents the first step toward diagnosing the mechanisms for intensification within a moderate resolution (ϳ15 km) hydrostatic model and testing the extant hypotheses in the literature.
Introduction
Until recently, improvements in hurricane forecasting have focused primarily on track. The obvious benefit of an accurate track forecast is the selection of proper risk areas for emergency response, and this has been the main emphasis in improving hurricane forecasts in previous decades. Hurricane intensity forecasting, in contrast, has not improved to the same degree as track (DeMaria and Kaplan 1999) . Better intensity forecasting has been identified as a target to improve forecasts of damaging winds of landfalling tropical cyclones (Marks et al. 1998 ). This paper presents the first opportunity to study the mechanisms for intensification within a hydrostatic model of moderate resolution (ϳ15 km) and compare the results to an observed storm.
The heart of the hurricane intensity forecasting prob-lem is the interaction of an intensely rotating, convecting vortex on the mesoscale (ϳ50 km) with external influences such as winds, moisture, temperature, and surface heterogeneities (including land-sea differences) that affect the storm from the mesoscale to the synoptic scale (ϳ1000 km). This represents a computational challenge that is gradually falling to improvements in computer technology. This paper will demonstrate how output from the Geophysical Fluid Dynamics Laboratory (GFDL) Hurricane Prediction System model (hereafter, GFDL model; Kurihara et al. 1995 Kurihara et al. , 1998 was integrated into an analysis package for the purpose of identifying the important flow features evident in a simulation of Hurricane Opal (1995) . The model provides an opportunity to study the interaction of an intensely rotating, convecting vortex in a reality-based, numerical representation of a broad, synoptic-scale troposphere. This study falls between the broad-scale examination of Vollaro (1989, 1990) and the study of the internal responses of a hurricane in higher-resolution models (Liu et al. 1997 (Liu et al. , 1999 Zhang et al. 2000; Braun and Tao 2000) . While a hurricane cannot yet be thoroughly observed at the mesoscale to provide an accurate initial representation of Opal, the evolution of the in-tensity of the vortex in the model mimicks well the intensity trend observed in Opal. Thus we believe the GFDL model is well positioned to model the response of a hurricane-like vortex to the observed, large-scale effects that are represented in the initialization. This dataset recently has been further applied by Möller and Shapiro (2001, manuscript submitted to Mon. Wea. Rev., hearafter, MS) to analyze the internal structure of Opal. The importance of environmental effects is evident in the monotonic, empirical relationship between the apparent maximum potential intensity (DeMaria and Kaplan 1994a; Bosart et al. 2000) and the skill that can be added to empirical forecasts by adding environmental variables (DeMaria and Kaplan 1999) . Even within the maximum intensity framework, the instantaneous intensity of the cyclone is uniformly distributed between some minimum and an empirical maximum intensity (DeMaria and Kaplan 1994a; Emanuel 2000) . This suggests that it is important to understand the life cycle of tropical cyclones and the influences that uniformly distribute storm intensity between those limits. Emanuel (1998) posited the role of vertical wind shear, turbulent mixing of cold water, a poor estimation of bulk aerodynamical constants, sea spray, and ocean bubbles to explain this distribution of intensity. Molinari et al. (1998) argued that a superposition of an upper-level potential vorticity (PV) anomaly of small horizontal scale over the center of a nascent tropical cyclone spurred the initial intensification in Tropical Storm Danny (1985) . Molinari and Vollaro (1990) diagnosed the approach of eddy angular momentum flux towards the center of Hurricane Elena (1985) and used Eliassen's (1952) balanced vortex model to show how such eddy fluxes can place the upper troposphere out of balance and induce a preference for ascent near the center of the developing hurricane. Wu and Cheng (1999) suggested the importance of eddy angular momentum fluxes, but showed in their examination of Typhoons Flo (1990) and Gene (1990) in the western Pacific that the upper-level PV features did not get close enough to the storm to promote a strong superposition interaction.
In this paper, we extend these approaches based on large-scale operational analysis fields by examining the environmental impact on storm intensity at moderate resolution. Motivated by the observational analysis of Bosart and Bartlo (1991) , Montgomery and Farrell (1993) showed how an interaction with an upper-level trough of a type often associated with subtropical situations can lead to the genesis of tropical storms by acting upon a column of air with an approximately moist neutral profile. Using a dataset enhanced with satellitederived winds, the recent work of Bosart et al. (2000; hereafter, B00) has shown the occurrence of divergence aloft associated with a jet entrance region coinciding with rapid intensification episodes in Hurricane Opal. Also noted in B00 was the influence of a warm ocean eddy in the Gulf of Mexico in the intensification of Hurricane Opal. It was found in B00 that the eddy flux convergences aloft are too far away to explain the axisymmetric outflow aloft. By correlating observed divergence with episodes of deep convection (inferred from satellite imagery), B00 suggested that the divergence aloft (attributed to the jet entrance region) spurred mesoscale convective events in the vicinity of Opal, which then led to intensification of the storm, perhaps augmented by either a vorticity redistribution process (Montgomery and Kallenbach 1997; Montgomery and Enagonio 1998) or through exchanges of angular momentum modified by convection (Krishnamurti et al. 1998) .
Within the context of the GFDL model, these theories will be pitted against more traditional theories for hurricane intensification that operate on spatially uniform inputs such as benign vertical shear (Gray 1968) . The recent work of Emanuel (1999) suggested that for many cases (including Opal, but not for all cases examined) an accurate hurricane intensity forecast can be performed by an axisymmetric model evolved from an initial vortex strength. The forecasts relied on knowledge of the sea surface temperature at the center of the storm, taking due account that complicating factors like hostile wind shear and ''wet swamps'' can lead to error in the formulation. But even within such a ''uniform'' environmental context, an explanation is desired for the rapid intensification of Hurricane Opal within the GFDL model. This paper will focus on the applicability of GFDL operational model output fields for the diagnosis of hurricane intensity changes. Section 2 presents a brief description of the model and data processing. Section 3 summarizes features noted in the model simulation and relates these to theories of rapid hurricane intensification. A discussion follows in section 4 along with a proposed strategy for future research. The conclusions of this paper are summarized in section 5.
GFDL model overview and data procedure a. GFDL model
Opal reached hurricane intensity off the northwest coast of the Yucatan Peninsula in the southern Gulf of Mexico at 1200 UTC 2 October 1995, according to the ''best track'' summary produced by the U.S. National Hurricane Center (NHC). After drifting slowly westward over the next 24 h, Opal began to traverse the Gulf of Mexico moving north-by-northeast around 1200 UTC 3 October 1995, intensifying from 80 to 130 kt by 1200 UTC 4 October 1995, then weakening prior to landfall on the Florida panhandle (Fig. 1, heavy, solid line) .
For this study, the GFDL model was initialized at 1200 UTC 3 October 1995 and output was extracted at a 3-h interval until 36 h (0000 UTC 5 Oct 1995). Forecasts from the 1997 version of the model, more fully described by Kurihara et al. (1998) , are used here. The model is integrated in a terrain-following sigma coordinate system comprised of 18 vertical levels with dense coverage at lower levels (Table 1) . Grid points are spaced within three interacting, grid domains: 1) a fixed, coarse (75Њ ϫ 75Њ) domain of 1Њ grid spacing covering North America and the adjacent Pacific and Atlantic Oceans, and 2) two movable, finer-mesh domains of ⅓Њ and 1 ⁄Њ grid spacing that are centered on the moving hurricane. The model output used here is simply the data fields from all three meshes interpolated to an intermediate grid mesh of ⅓Њ for the entire 75Њ ϫ 75Њ fixed domain. This is a compromise dataset to allow output from the model over a complete forecast domain covering all of North America and the adjacent waters (examined, but not shown here) while still minimizing disk and computer costs during analysis. Spatiotemporal consistency of the vertical motion field as analyzed gives credence to our analysis of the coarse convective response shown later. Our focus here is on the largescale forcings, which are well resolved at 30 km. The National Centers for Environmental Prediction (NCEP) analysis provides the initialization fields for the GFDL model, whereupon the vortex in those fields is filtered out and a new vortex is introduced based upon the observed location and intensity of the tropical storm. The new storm is introduced by a controlled spinup process (Kurihara et al. 1993 (Kurihara et al. , 1995 (Kurihara et al. , 1998 . This version of the GFDL model has a fixed surface temperature and does not model any ocean interactions (for an example of a coupled GFDL-ocean simulation, see Bender and Ginis 2000) .
The simulation of Opal is initialized at 1200 UTC 3 October 1995 beginning with an initial minimum surface pressure of 951 mb, then deepening to 917 mb over 24 h (Fig. 2) . After 24 h, the central surface pressure weakens only slightly, until after 36 h (not shown) when the storm weakens considerably after landfall. The initialization routine ''fits'' the observed wind structure. Given the approximation due to the grid spacing, a deeper initial central pressure is needed to fit the observed winds. The surface pressure trace presented here is based on a diagnostic report from the model at a 1-h interval, not the 3-h interval full-data fields presented later. Comparison with an even higher temporal resolution pressure trace contained within the report (not shown) verifies that this 1-h pressure dataset tracks the important changes in intensity in the storm. The time rate of change of central pressure (Fig. 3) will be used to identify intensifying stages in the storm. The peak winds at the lowest model level (ϳ50 m) are used for comparison with the observed maximum winds at 10 m (Fig. 4) in light of recent dropsonde observations Black and Franklin 2000) . 1 As expected, the initialization procedure provides for an accurate initial wind, but the model is less responsive than the observed storm, reaching a 51 m s Ϫ1 maximum. The strongest winds observed in the free atmosphere reach 79 m s Ϫ1 . The magnitude of variations in peak winds and central pressure are not as pronounced as in the observed storm, but on the basis of these results it is concluded that the phase of intensification for Opal is captured by this simulation. In particular, two instances of rapid intensification beginning at 1800 UTC 3 October and 0400 UTC 4 October are interesting in light of two such instances found by B00 at 0000 UTC and 1000 UTC 4 October 1995.
Two possible explanations for the intensification before (and weakening after) 1200 UTC 4 October (B00) are modifications of the maximum potential intensity (MPI) determined from large-scale thermodynamic parameters and the passage of the eyewall over a warm core ocean eddy (WCE). The current simulation is not 1 Recent improvements in modeling the boundary layer in the GFDL model (subsequent to the present study) improve the windpressure relationship and better match the vertical structure noted in dropsonde observations. able to address the latter theory since sea surface temperatures (SSTs) are invariant in time and do not resolve any signature resulting from the WCE. There is a systematic bias in this version of the GFDL model to fill central surface pressures of hurricanes slowly during the decaying stage, possibly as a result of an unmodeled ocean interaction (Bender and Ginis 2000) . The model hurricane tracks ϳ100 km to the west of the observed storm, making landfall at the mouth of the Mississippi River in Louisiana (Fig. 1) . The track errors do not greatly affect the underlying environment because the storm remains over the ocean for the same amount of time as observed and the ocean has no spatial variations in thermal content. Noting this, track errors of the storm relative to the unresolved WCE are not important. Errors of this size, though much smaller than the scale of the upper-level trough, could impact whether the trough is beneficial to intensification (Molinari et al. 1998 ), but the guarded success of the intensity of the model storm might suggest that the trough interaction in this simulation is representative.
b. Data processing
To reduce the size of the dataset to a level where the relevant variables could be considered simultaneously through a graphical user interface, a minimal dataset was created by interpolating the rectilinear GFDL model data to a storm-centered, cylindrical coordinate system. The storm center is located to the nearest tenth of a grid square (ϳ 1 ⁄ 30 Њ) at each time step using the minimum of the surface pressure field. A cylindrical grid is then
defined with an outer radius of ϳ1000 km, a radial grid spacing approximating the original grid spacing (ϳ⅓Њ or 33 km), and 60 azimuthal grid points. The grid points in the rectilinear grid are unequally spaced in real space due to spherical geometry. A simple linear correction is applied in projecting the grid points to x and y coordinates centered on the storm that accounts for more than 90% of the position error of grid points considering the limited domain and the low latitudes in question. A full consideration of the spherical geometry would be needed for a much larger analysis grid or at much higher latitudes. A bicubic interpolator is used for horizontal interpolations from rectilinear to cylindrical coordinates. In the present analysis, the vertical coordinate of the cylindrical grid is pressure, with vertical levels (Table 1) selected to approximate the original vertical resolution in sigma coordinates. The data fields are linearly interpolated in the vertical from sigma to pressure coordinates and a mask is identified where grid points fall below the ground or above the top sigma level. Figure 5 illustrates a single absolute vertical vorticity isosurface at three times.
An illustration of hurricane-trough interaction
2 Colors are used for different vertical layers. The hurricane is evident as a nearly vertical tower of relative vorticity at the center of the analysis domain (the apparent offset is an aspect of the projection and low surface pressures at the center). A complex of stationary vorticity blobs ( Fig. 5a ) associated with the mountains of Mexico disappears from the foreground (Figs. 5b,c) as the analysis domain translates with the hurricane to the north-northeast. As the trough (and its cyclonically curved winds and vorticity) and the center of the hurricane approach one another, an increase of positive vorticity signature is evident to the north and west of the domain as time goes on (most evident in Fig. 5c ). Midlevel vorticity at around 400 km from the center of the storm becomes more prevalent to the north and west of the storm and acquires a more filamented character with time (Figs. 5b,c). Low-level vorticity (in red) is organized in bands and shifts from an early preference south and east of the storm ( The environmental flow is obviously affected by the presence of the storm. The presence of the trough northwest of the storm (Fig. 5c ) is believed to influence the storm in several ways. First, it imposes an increased vertical shear across the storm. Second, it potentially provides an enhancement of the upper-level circulation of the storm through fluxes of eddy angular momentum (to be defined precisely later). These potential influences will be evaluated in turn.
a. Shear
Following the technique of Bender (1997) , an environmental wind can be defined by averaging the model winds in an annulus between radii of 75 and 250 km on each pressure level. A measure of shear can then be defined by subtracting this environmental wind between two levels. The 850-200-mb shear defined in this manner is shown in Fig. 6 . This measure follows closely other full-tropospheric measures of shear, for example, within a 600-km averaging radius found in DeMaria and Kaplan (1994b) and a 500-km averaging radius from B00.
3 Figure 7 shows the variation of 850-200-mb shear measures to variations in outer radius for the special case of having the inner radius of the annulus vanish (i.e., a filled circle). As can be seen, all averaging circles having a radius of more than 150 km (large enough so that asymmetric ''core'' effects near the storm contribute little to the sample) capture approximately the same signal, although the signal is most accentuated for radii between 200 and 400 km. Defining an annulus by using a nonzero inner radius (not shown) excludes the core and alters the computation only slightly. Titley and Elsberry (1999) proposed that the cyclogenesis of Typhoon Flo (western Pacific, 1990 ) was related to a vertical extension of convection and cyclonic circulation to the tropopause, diagnosing this hypothesis by examining the wind profile across the tropopause. They noted an extension of lowered environmental wind speed through a greater depth of the atmosphere and suggested that the lowered shear across the 300-150-mb layer would be reflective of the presence of convective towers to this higher height. An application of this idea to the Opal dataset is presented in Fig. 6 with the dashed line. This measure is not strongly predictive (on an hour-by-hour basis) of either the storm intensity or intensification rate (Fig. 3 ), yet the weak overall signal can be seen as representing a favorable environment for intensification, with the increase in this measure at later times being a possible signal for limiting the intensification of Opal.
Interpretation of this result is complicated in the model simulation by sharp vertical shears in the environmental wind found in narrow vertical layers.
4 This suggests that the determination of shear will be sensitive to the selection of analysis layers. One test is presented in Fig. 8 where the upper analysis level is varied from 250 to 150 mb. Use of a lower analysis level captures an early modulation near the 250-mb level in upperlevel winds, but use of the 150-mb level is sensitive (with a lag and with less magnitude) only to the later onset of shear. The environmental wind on each pressure level is presented in Fig. 9 , which most closely resembles Bender's Fig. 12 (Bender 1997 ) for a simulation of a storm sheared from the rear. The component of stormrelative environmental wind in the direction of storm motion (Fig. 9a) gradually changes from front-to-rear at the surface to rear-to-front peaking around 250 mb, above which the imposed wind rapidly switches to frontto-rear again. The component of environmental wind perpendicular to storm motion (Fig. 9b ) strengthens to
Vertical wind shear measures. The solid line is based on Bender (1997) , the dash-dotted line on DeMaria and Kaplan (1994b) , the dashed line on Titley and Elsberry (1999) , and the dash-tripledotted line on Bosart et al. (2000) . The latter is starred to denote that it is computed as a difference between two layer averages (950-700 and 350-150 mb). (Fig. 8, solid) , but moderately affects the other two shear measures defined above and below 200 mb. Variations in the storm-parallel component of environmental wind strongly influence the 850-250-mb shear measure prior to 1200 UTC 4 October and accounts for the larger magnitude of this measure relative to the 850-200-mb measure. Opal stops intensifying at 1200 UTC 4 October, and after this time the storm can be considered strongly sheared with values approximately 13 m s Ϫ1 . This shear can be attributed to the southward and eastward progression of the jet stream (not shown) is response to the synoptic-scale trough. For context, a conventional hodograph plot of the environmental flow for a strengthening and weakening stage is shown in Figs. 10a and 10b , respectively. In the latter figure, the narrow layer of left-to-right shearing (relative to storm motion) can be seen.
The variations in environmental shear appear coincident with changes in the intensification rate within the GFDL model, despite the use of a moist convective adjustment parameterization whose responsiveness to increased shear is not clear and despite the coarse resolution (15 km) of the model integration. Two distinct events of lowered shear between 1500 and 1800 UTC 3 October and at 0300 UTC 4 October are coincident or slightly precede intensification events (Fig. 3) . The eventual end to intensification, while not weakening as the observed storm did, is associated with both a longterm trend for increasing environmental shear (Fig. 6 ) and with a sudden shift in the character of environmental flow (Fig. 7) such that a minimum in analyzed shear at intermediate radii (ϳ300 km) is no longer present.
b. Mean tangential momentum budget
A mean tangential momentum budget is constructed by casting the equations of motion into cylindrical coordinates, subtracting the storm motion vector from the wind, and finding azimuthal means (and asymmetries) of all quantities. Denoting the tangential wind by , the radial wind u, and the vertical p velocity by , the tendency of the mean tangential wind can then be written as the sum of four terms, plus a friction term: where is the vertical absolute vorticity, overbars represent azimuthally averaged quantities, and primed quantities are deviations from that average. The friction term is computed using
H y V y where p sfc is the surface pressure, , is the counterclockwise azimuth angle from east, H F x and H F y are components of the frictional force due to lateral stress, and
V F x and V F y are components of the frictional force due to vertical stress (explained in detail in Kurihara and Tuleya 1974) . Left out of this budget is the small beta term [␤r ] , where c r is the radial comsin(uЈ ϩ c ) r ponent of the storm motion vector. With asymmetries on the order of 5 m s Ϫ1 , simple scale analysis suggests this term can provide for a 5 m s Ϫ1 day Ϫ1 tendency beyond a radius of 600 km, but in practice the in-phase relationship delays the importance of this term to further radii. The tangential wind budget is then computed for a time of rapid intensification (1800 UTC 3 Oct 1995) and a pause in intensification (0000 UTC 4 Oct). The temporary pause still occurs within the long-term trend for intensification of Opal within the model and occurs before the onset of shear at later times in the simulation (Figs. 3 and 9) . The resulting tendencies in the r-p plane are displayed in Figs. 11 and 12, respectively. At the intensifying time, the total mean tangential wind tendency computed from the budget (Fig. 11f) shows a vertically coherent tendency for spin up at the eyewall from just above the ground to 320 mb, while the nonintensifying total budget tendency (Fig. 12f ) has no such coherent structure, alternating between positive and negative tendency with height. At different vertical levels, different terms contribute to produce this coherent maximum in total tendency at the time of intensification. At that time, 1) the lowest levels (ϳ850 mb) show a less negative eddy vorticity flux (Fig. 11a vs. Fig.  12a ) and a stronger eddy vertical advection (Fig. 11c vs Fig. 12c ) relative to the nonintensifying time, 2) from 600 to 400 mb the eddy vertical advection is less negative (Fig.  11c vs Fig. 12c ) and mean vorticity flux becomes a strong positive (Fig. 11b vs Fig. 12b ), 3) above 400 mb the mean vertical advection is up to 40 m s Ϫ1 day Ϫ1 larger (Fig. 11d . vs Fig. 12d ; difficult to discern in the figures presented here, but noticeable in difference plots) and the eddy vorticity flux is less negative (Fig. 11a vs Fig. 12a ), and 4) the friction is weaker throughout the eyewall by about 10 m s Ϫ1 day Ϫ1 (Fig. 11e vs Fig. 12e ). Many of these properties (greater vertical extent of positive tendency plus a reduction of negative eddy vorticity flux and enhancement of mean vorticity flux and mean vertical advection aloft) are consistent with a greater vertical extent of convection, suggestive of the Titley and Elsberry 1999 hypothesis, but examination of the vertical motion field (not shown) at these levels is less than convincing. Other features observed in the total budgets of mean tangential wind tendency are 1) the apparent spindown tendency in the boundary layer at intensification (Fig. 11f) , and a spinup at nonintensification (Fig. 12f) , and 2) the enhanced middletroposphere spinup (Fig. 11f) at radii of 200 to 800 km from the storm as a result of enhanced mean vorticity flux (Fig. 11b) at intensification. Composite averages (not shown) of multiple intensifying and multiple weakening times show that tendencies near the center of storm are robust, but in the far field there is more variation.
The eddy vorticity flux at 200 mb is presented as a function of radius and time in Fig. 13 . Of note is the region of positive eddy vorticity fluxes exterior to the 400-km radius, with negative values within. Titley and Elsberry (1999) proposed a preconditioning phase where eddy vorticity fluxes aloft provide a large-scale cyclonic environment at 200 mb that preceded rapid intensification of Typhoon Flo (1990) . They hypothesize that a more cyclonic environment aloft will lower the shear above a cyclonic vortex. During their analyzed rapid intensification phase, the eddy vorticity fluxes are weak and largely negative. In the Opal simulation considered here, the intialization is too late to test the preconditioning hypothesis, but throughout the simulation the eddy vorticity fluxes are more characteristic of the preconditioning phase of Titley and Elsberry (1999) . In that phase, they showed eddy vorticity fluxes peaking at intermediate radii (400-1200 km; here, 400-800 km) with values of ϳ20 m s Ϫ1 day Ϫ1 , similar to that found in Fig. 13 . It is found though in the GFDL Opal simulation that the mean eddy vorticity flux exhibited vertical structure, with much of the signal to be found above 200 mb (Figs. 11a, 12a ), so the choice of level may vary substantially from storm to storm. There is no evidence of large-scale cyclonic circulation at this level (Fig. 14) , with cyclonic circulation confined to within approximately 400 km, comparable with the rapid intensification phase of Typhoon Flo (Titley and Elsberry 1999) . There is a suggestion for inward propagation of eddy vorticity flux in Fig. 13 with enhanced values (Ͼ10 m s Ϫ1 day Ϫ1 ) appearing outside of the 600-km radius before 0300 UTC 4 October 1995, then inside of the 500-km radius around 1200 UTC 4 October. Molinari and Vollaro (1989) proposed such a signature for trough interaction in the development of Hurricane Elena. Given the track errors of this simulation, it is difficult to conclude that this process did not contribute to the intensification of the real storm, but the influences of eddy momentum forcings on the model storm can be examined within the Eliassen (1952) aminations by Molinari and Vollaro (1989) and subsequent papers.
VOLUME 130 M O N T H L Y W E A T H E R R E V I E

Our computation uses a pseudoheight vertical coordinate (Hoskins and Bretherton 1972) , requiring reinterpolation of the dataset from the original rectilinear, coordinate to pseudoheight with a fixed 400-m vertical grid spacing, then interpolation to a cylindrical grid. The linearity of the elliptic partial differential equation for the mean transverse streamfunction driven by heat and momentum forcing allows us to consider the total balanced response as a superposition of separate source mechanisms for forcing over separate, arbitrary, mutually exclusive subdomains. To a first approximation, the mean secondary circulation and the attending mean tendency terms in the tangential momentum and heat budgets arise to counteract the mean diabatic heating in the eyewall and surface drag in the boundary layer so that thermal wind balance of the vortex is maintained (Willoughby 1979; Shapiro and Willoughby 1982) . Consistent with the recent balanced diagnosis of this storm by MS, we have found that the mean diabatic heating rate associated with the latent heat release in the eyewall accounts for the mean tendency terms in the tangential momentum budget (not shown). Moreover, the variability in the mean terms appears to be governed by variability in the heating rate. Further discussion of this quantitative calculation is presented in MS.
We use the Eliassen model to examine the influence of the trough on the storm by taking the azimuthal mean static stability and primary circulation to define the vortex, considering all heat forcings to vanish, and considering the eddy flux of vorticity as the only momentum forcing. We confine the forcing to that plausibly associated with the trough by having all the eddy vorticity fluxes interior to the 400-km radius vanish. The resulting secondary circulations and net tangential wind tendency (the original eddy flux forcing plus that inferred from the response of the balanced vortex) for intensifying and nonintensifying phases are shown in Fig. 15 . Net tendencies largely remain outside the 400-km radius and the induced secondary circulations at the eyewall are very weak (w Շ 1 mm s Ϫ1 ). According to this calculation the eddy flux forcing by the trough has only a negligible influence on the storm during both intensifying and nonintensifying phases. A second computation setting the static stability within the eyewall to a low value (one-half the value derived from the model basic state, 1 ϫ 10 Ϫ4 s Ϫ2 ), acknowledging the ease of vertical motions there because of the convective feedback (Emanuel et al. 1987; Montgomery and Farrell 1993) , produces nearly identical circulations and forcing. Based on these calculations, the hypothesized benefit of trough interaction does not appear to be supported in this simulation.
c. Upper-level divergence
Operational surface analyses performed by NCEP show a surface trough over Louisiana, Mississippi, and Alabama from 1200 UTC 3 October to 0000 UTC 4 October 1995, which moves eastward after that (not shown). The surface trough is associated with heavy rain and thunderstorms. The GFDL simulation reproduces aspects of this feature, with upward motions evident over the same region (Figs.  16a-c, label A) . The convective line is the northern end of a long (ϳ2000 km), deep (up to 600 mb), southerly fetch of moist air. Opal then traverses this warm maritime air mass as it heads north. Generally associated with this feature is an enhancement in absolute vorticity (Figs.  17a,d ,g, label A) at the 925-mb level slightly to the west of its position. A vertically stacked vorticity structure extends to the southwest from the mouth of the Mississippi River at 0300 UTC 4 October (Figs. 17g,h,i, label B) . Enhancement of 200-300-mb mean layer divergence (Fig.  18 ) to ϳ5 ϫ 10 Ϫ5 s Ϫ1 in this vicinity (labels A in Figs. 18a-c and B in Fig. 18c ) is generally collocated with the vertical velocity pattern at lower levels, especially over land. These upper-level divergences correspond roughly to the same computation of B00 (their Figs. 6-8) using satellite-enhanced data assimilation procedures, except in the near vicinity (ϳ300 km) of the hurricane center. Near 1800 UTC 3 October (close to Fig. 18a) , both analyses show a broad maximum over Alabama (label A) with similar magnitude, and extension of positive divergence toward the eastern Gulf of Mexico and Florida (label D). The GFDL forecast, however, produces an approximately stationary positive divergence maximum over the southern tip of Texas (Figs. 18a-c, label C) that the satellite-based analysis did not capture. At 0000-0300 UTC 4 October, the satellite-based analysis pulls the former divergence maximum (label A) further northeast from Alabama to
16. Vertical velocities, ϭ dp/dt, in terms of mb s Ϫ1 at (a) 2100 UTC 3 Oct (b) 0300 UTC 4 Oct, and (c) 0900 UTC 4 Oct 1995. The magnitudes of contours are listed in the legend. The sense of the contours are reversed, so that solid contours are upward (negative dp/dt) motions, and dashed are downward (positive dp/dt) motions. The crosshairs mark the center of the storm. The label A is explained in the text.
Tennessee (extending to label E in Fig. 18b ). There is less of this tendency in the GFDL forecast (Fig. 18b , perhaps as a result of the limited analysis domain presented here), but both analyses show divergence values around 2 ϫ 10 Ϫ5 s Ϫ1 . At 0900-1200 UTC 4 October, both analyses pick up on a north-south-aligned convergence feature (Fig.  18c, label F ) over eastern Texas with a peak in divergence (label B) near the mouth of the Mississippi River, and weaker divergences extending to the northeast. Noting this correspondence between the GFDL model-derived and satellite wind-enhanced divergence fields away from the storm, the GFDL model output may be able to test the hypothesis advanced by B00 (p. 347) that this divergence feature helped ''trigger the areal expansion of deep eyewall convection'' in the first stage of intensification, beginning in their analysis at 1500 UTC 3 October.
In the GFDL analysis, the divergence collocated with the trough north and west of the storm (with values from ϳ5 ϫ 10 Ϫ5 s Ϫ1 to ϳ7 ϫ 10 Ϫ5 s Ϫ1 in Figs. 18a-c) is never contiguous with the much stronger divergence (ϳ1 ϫ 10 Ϫ3 s Ϫ1 ) associated with the hurricane itself at this level (small crosshairs at the center of each panel). From examination of the vertical structure of the divergence and the radial and vertical flow (Fig. 19) , we can see that the divergence and outflow pattern associated with the hurricane emerges above 200 mb. Furthermore, the most significant divergence features to the north (i.e., to the left of Fig. 19 ) are evident at lower levels. These lower-level divergence features appear to mark the upper boundary of a region of upward motions far removed from the center of the hurricane, associated with the convective line over Louisiana. The degree of correspondence between the upper-level divergence pattern and the upward motions of the convective line suggests that the upper-level divergence is primarily responsible for (or primarily a reflection of ) the convection over Louisiana. Given the assumption that the GFDL model reasonably simulated this aspect of the hurricane, it does not appear that the divergence aloft in the vicinity of the jet entrance region promoted extra lifting in the eyewall. In plan-view plots of the eddy quantities that contribute to the mean tangential wind budget (not shown), there is no noticeable contribution to storm intensification via the convective line.
d. Simulated vertical motions
Noticeable in the plan-view plots of vertical motions (, Fig. 16 ) is the systematic tendency for peak upward motions to lie just to the north of the storm (in front of the moving storm center). Also of note is the trend with time for downward motions in the southwest sector of the storm. To summarize these tendencies and to expose other trends in near-storm vertical motion, an analysis is performed on each azimuth from the center of the storm in the r-p plane to find the peak upward motion (PUM) and peak downward motion (PDM) within the analysis grid. The analysis is limited to the first eight radial grid points (to ϳ250 km) and is representative of the grid-scale (coarse grain) response of storm vertical motions in the model near the hurricane. Taken together, the PUMs (and PDMs) define a set of 60 elements computed on each of the 60 azimuths. Figure 20 presents a summary of these samples as a function of time. The mean PUM remains (Fig. 20b) about Ϫ0.07 mb s Ϫ1 (1 m s Ϫ1 ) through most of the simulation, but the mean altitude of PUM (Fig. 20f) gradually descends from 400 to 600 mb with greater intensification episodes (1800 UTC 3 Oct and 0600 UTC 4 Oct, see Fig. 3 ) loosely associated with lower altitudes of mean PUMs and higher variance of PUM (i.e., enhanced convective asymmetry; Fig. 20d ). The final episode of high PUM variance is not associated with storm intensification and occurs after the onset of strong shear (Fig. 6) . Given the near-constant mean in PUM, an increase in PUM variance is associated with an increase of extreme values of PUM (Fig. 20b, dotted) . Generally, lower-altitude and more extreme upward motions may intensify the circulation of the storm through enhanced vortex stretching. If the third of the sample of PUMs (20 elements) that have the most extreme value is considered, there appears to be a transition after the onset of shear such that the altitude of these PUMs falls below that of the single strongest PUM (Fig. 20f, dashed vs dotted) . Observations of a weakening, sheared hurricane (Reasor et al. 2000) show a localized increase combined with a lowering of altitudes of upward motions, so this signal can be associated with both enhanced intensification (as realized in this model) and imposed shearing (both in the model and in theory). Both the extreme and mean PDMs (Fig. 20a) increase gradually throughout the simulation, although of an order of magnitude smaller than the PUMs. While the altitude of mean and extreme PDMs (Fig. 20e) show mixed trends through the simulation, of note is the inward migration of extreme PDMs toward the center of the storm (Fig.  20g) , particularly after 1500 UTC 4 October when the storm has stopped intensifying. These latter PDMs exist at the same radius as the PUMs (Fig. 20h) , lying within the eyewall.
The vertical motion pattern observed in Fig. 16 is typical of the downshear enhancement of upward motion shown by observations (Reasor et al. 2000) and modeling studies (downshear and to the left in Frank and Ritchie 1999) . This pattern is present more or less throughout the simulation, without predictive value for the model storm. The PUMs highlight variations in convection during intensification, pauses during intensification, and highly sheared phases. Combined with PDM variance and radius, the different phases can be identified. The variations of the most intense subsample (here the most extreme third is used) appear to have the best diagnostic value. 
Discussion
Studies of the role of environment in rapid hurricane intensification fall basically into two classes: 1) studies where given a benign (i.e., nonhostile), uniform environment, the hurricane reaches maximum intensity (''hostile environment'' theories), and 2) studies where an environmental influence is advected into the proximity of the hurricane core to promote intensification (''stimulating environment'' theories). Both classes rely on the ability of convection to aid intensification through midlevel inflows that conserve angular momentum or through stretching of the ambient vorticity field at low levels.
a. ''Hostile environment'' theories and modeling
Shear-based theories relate storm intensification to a reduction of vertical shear. Increased shear is hypothesized to ventilate a pocket of warm air aloft away from the eye of the hurricane, leading to an increase in surface pressure (Gray 1968) , or to tilt a balanced vortex such that the thermal field consistent with it is altered and affects the stability of convection (DeMaria 1996; Jones 1995) . Using 850-200-mb shear as a traditional measure of shear across a hurricane (Fig. 6 ), the Opal simulation shows a low value of shear (Ͻ10 m s Ϫ1 , the threshold identified by B00) throughout the period of intensification (to 1200 UTC 4 Oct 1995; Fig. 2 ). Figure 9 , though, provides a more complicated picture. The mean flow at 850 mb is less than 2 m s Ϫ1 in both components of the flow, so most of the variability in shear is determined by the environmental winds aloft. Interestingly, 200 mb lies above the level of greatest storm-relative winds prior to 1200 UTC 4 October 1995 (i.e., through the period of intensification). Therefore, if a slightly different shear measure is selected (e.g., 850-250 mb) Hurricane Opal would appear to be highly sheared, with values approaching 10 m s Ϫ1 near 0000 UTC 4 October 1995 (Fig.  8) . So while the shear environment prior to 1200 UTC 4 October 1995 was more beneficial to storm intensification than after that time, it should not be called an especially benign shear environment. The details of the imposed environmental winds appear to be important. Between 2100 UTC 3 October and 0900 UTC 4 October, the perpendicular component is weak through the model atmosphere, with values confined between Ϫ3 and 5 m s Ϫ1 . After this time, a very strong left-to-right component of the mean wind up to 15 m s Ϫ1 is felt above 250 mb. A Green function technique is used to find the horizontal streamfunction and velocity potential at a particular level by respectively inverting the vorticity and divergence fields from that level. After the subsequent computation of rotational and divergent winds, it is found that the primary component of the introduced shear aloft is in the residual wind field (i.e., the difference between the total wind and the combined rotational and divergent wind). Such a residual wind field would be due to the presence of vorticity or divergence sources outside the analysis domain of a 1000-km radius. Examination shows that this residual wind takes the form of a broad-scale deformation flow with a col point in the vicinity of the hurricane. The onset of perpendicular shear is coincident with a shift of the col point to the east off of the center of the hurricane. The component of shear parallel to storm motion (with the storm motion subtracted; Fig. 9a ) is initially small, but soon after initialization (after 1800 UTC 3 Oct) the storm is sheared from the rear with an inflow of air at low levels from the front end (north end) of the storm, yet Opal still intensifies for the next 18 hours. A shear theory that seeks a simple numerical value between two levels is incomplete if it does not address particular arrangements of shear (twisting shear, shear relative to storm motion, shear confined in thin layers, etc.) and the role of a such complications to the intensity problem is not clear.
The maximum potential intensity theory of Emanuel (1995) is applied by B00 (their Fig. 21 ) to Hurricane Opal, suggesting that the lowering of MPI at later times interrupts the intensification of Opal. The modeling approach of Emanuel (1999) is an extension of this MPI theory, by including ocean interactions. The approach encapsulates the uniform, axisymmetric response of a hurricane to variations of surface heat exchanges with the ocean and to the thermodynamic profile of the ambient atmosphere. This type of forecast is dependent on an accurate track forecast. The influence of vertical shear is not accounted for in the Emanuel model and at times is used to explain inaccuracies in the forecast. Emanuel (1999) explains the initial intensification of Opal by the translation of the storm away from a pool of relatively cool surface water at the southern end of the Gulf of Mexico (B00). The cold pool developed as a result of frictionally forced upwelling of the ocean caused by the surface winds of Opal as it stalled just west of the Yucatan Peninsula for two days (Bender and Ginis 2000; their Fig. 7) . The current simulation is not able to address this because the cold pool is not present in the initialization. Figure 1 in Emanuel (1999) summarizes several of his Opal simulations, where the best forecast (with a pronounced maximum followed by a weakening prior to landfall) includes the effects of sea surface temperature plus the effects of the warm core ocean eddy. Without the effects of the WCE, the Emanuel model intensifies Opal more slowly, reaching peak intensity at landfall. Emanuel's conclusion is that variations in surface fluxes controlled the variations in intensity of Opal. The GFDL simulation also weakens Hurricane Opal (slightly) prior to landfall, but the sea surface temperatures in the model vary by only 1 K across the Gulf of Mexico and the WCE is not present. In the GFDL model, the onset of large vertical shear is coincident with end of the intensification of Opal. We are left with two computer models that can successfully produce the modulation of the intensity of Opal, yet for apparently different reasons. This is not to minimize the importance of the WCE, but rather to point out a modulation of intensity due to atmospheric sources not present in the Emanuel model. Montgomery and Kallenbach (1997) showed how vorticity asymmetries excited near the eyewall of a hurricane tend to symmetrize via sheared vortex Rossby waves. By their Fig. 8 , the wave-mean flow interaction leads to an acceleration of mean tangential winds near the original asymmetry, and a slowing of the mean tangential winds exterior to the acceleration region. Such a wave-mean flow momentum transfer would be realized in the mean tangential wind budget as oppositely signed forcings in the eddy vorticity flux term. The present study has found that near the storm center negative eddy vorticity fluxes slow the mean vortex circulation at both lower and upper levels at every time step (although with variations in magnitude at different times). It may be that, at the model resolution presented here, the negative forcings on mean tangential winds, which by theory occur at outer radii, are simply more apparent. However, within the present dataset the eddy vorticity flux is found to be dominated by the signature induced by the shear, with negative radial winds at the front end of the storm at low levels and negative radial winds at the back end of the storm aloft. Once this shear-induced eddy vorticity flux signature is quantified, the possible roles of smaller scale (Ͻ100 km) asymmetries may be addressed as in MS.
b. ''Stimulating environment'' theories
Beyond the inner core of the hurricane, vorticity asymmetries are also thought to aid intensification of a tropical cyclone (Challa and Pfeffer 1990; Molinari and Vollaro 1990) . Because a vorticity asymmetry reflects that the hurricane is out of symmetric gradient wind balance, the vortex will try to restore balance by generating a secondary circulation. If a positive flux of eddy vorticity is introduced aloft, then balance can be restored by an outward wind at that level, which is associated with a negative tendency for the mean tangential winds. Since it is introduced aloft, the secondary circulation is completed by enhanced inflow below this level and enhanced lifting at radii interior to the asymmetry aloft. Positive eddy vorticity fluxes are analyzed in the present analysis exterior to the 400-km radius from the center of Hurricane Opal. Plan views of the eddy vorticity flux confirm their strong relationship with vorticity asymmetries aloft (i.e., Fig. 5 ). These results could suggest the importance of a reduction of scale of the vorticity features by a symmetrization process (e. g. Melander et al. 1987; Carr and Williams 1989; Smith and Montgomery 1995) , which is more favorable for ascent without the negative impact of an increased shear (Molinari et al. 1998 ). The results of section 3b indicate that this is not important for Opal in terms of enhanced lifting, yet it still may prove important in terms of reducing the negative impact (i.e., vertical shear) of vorticity features of large horizontal scale.
Conclusions
Hurricane Opal traversed the Gulf of Mexico and intensified very rapidly. While the shear environment may not have been hostile to storm development, it was not especially benign either, so this is not an ideal candidate for low-shear intensification. The model hurricane, nonetheless, appeared to intensify as much as it could consistent with thermodynamic parameters of the problem (as illustrated by B00) up to a time defined by the onset of intense cross-vortex flows aloft. We suggest that the trough played a minimal role in intensification, supporting the model simulation of Emanuel (1999; cf. his Fig. 1 ) where no effects of the trough are included in his axisymmetric model. Different mechanisms are proposed, though, for the weakening of Opal by Emanuel (a decrease in ocean heat content) and by this paper (an increase in shear), which raises a scientific dilemma. We propose that the sensitivity of both storm intensification and weakening in the model may be tested by removing the trough from the initial data fields, reinitializing the model, and then analyzing the model output.
